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SUMMARY 


During  the  Inst  quarterly  period,  time  has  been  spent  on 

organizing  material  requirements  and  setting  up  microwave  and  pulse  bias 

circuitry  along  with  producing  initial  runs  of  "scaled-up"  CW  units  for  use 

US  pulse  devices.  Initial  testing  has  shown  efficiencies  as  high  as  81  but 

more  normally  around  5  to  6  1/2%,  Power  levels  wet.  below  1  1/4  ,  „ts 

due  to  improper  device  fabrication  but  are  expected  to  improve  appreciably 
in  future  runs. 

Thermal  and  geometrical  considerations  have  been  given  to 
single  and  multiple  unit  sandwich  type  devices.  Multiple  chip  unit  problems 
were  considered  and  various  modes  of  operation  have  been  studied  for  more 
efficient  operation.  LSA  operating  range  has  been  considered  to  be  too  con¬ 
fined  for  low  frequency  operation  in  general.  Hybrid  mode  and  resonant 

transit  time  modes  seem  to  hold  more  promise  for  achieving  required 
pulse  performance. 
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FOREWORD 

The  pulsed  oscillator  work  reported  in  this  quarterly  report  has 
been  authorized  by  Contracting  Officer  S.  M.  Perkins,  Procurement  Division, 
United  States  Army  Electronics  Command,  Fort  Monmouth,  New  Jersey, 
under  Contract  No.  DAAB07-68-C-0209. 

The  work  has  been  performed  under  the  supervision  of  Dr. 

M.  M.  Atalla.  This  report  has  been  prepared  by  Dr.  J.  Barrera.  Signifi¬ 
cant  contributions  have  been  made  by  Mr.  T.  Fortier.  Mr.  B.  Farrell  and 
Mrs.  P.  Clow.  Discussions  with  Drs.  G.  W.  Mathers  and  C.  F.  Quate 
have  been  of  great  benefit. 
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in.Mcl  I  *  ^  M ICHM  ANC I 


In  *CCOrtlsnCe  *11  h  Ihn  rt)Mtl|i|p  (juter  device  cJcMgtt  give  1%  in  Ihe 
la*l  quarterly  report,  we  have  fabricate*!  an  tnilial  run  of  device*  labeled 
Th  20B.  The  reniMi vtty  u*cd  wa*  0.  SO  0  cm.  the  length  16  **m  I  1  *,m 
and  the  dot  contact  wa*  12  7  mil  diameter  on  a  2$  mil  chip  three  dimen* 
slonti  are  almoat  exactly  aa  required  by  the  dmign  calculation  given  on 
page*  16  and  17  of  the  la«t  quarterly  report.  After  the  final  mage  of  pre¬ 
paration,  the  wafer  was  scribed  and  the  25  mil  square  samples  separated 
Unfortunately,  the  scribing  and  separating  of  these  thin,  yet  large  area 
chips  resulted  in  partially  cleaved  areas  on  the  chips,  severe  edge  damage 
and  tiny  fractures.  In  addition,  the  electrical  performance  was  quite 
obviously  affected.  The  better  looking  chips  were  mounted  on  75  mil  dia¬ 
meter,  gold  plated,  copper  studs  300  mils  long  with  a  10  mil  high,  40  mil 
diameter  pedestal  under  the  chip.  The  low  field  i  eststancc  was  from  0.  90 
to  1.  1  0  and  the  threshold  voltage  was  from  5.  2  to  5.  9  volts.  When  pulsed, 
most  of  the  units  would  not  survive  past  10  or  11  volts  and  were  producing 
less  than  400  mw  peak  power  at  5%  duty  cycle  for  1  usee  pulse  widths.  The 
best  appearing  chips  offered  somewhat  better  performance  and  would  with¬ 
stand  voltages  approximately  3  times  threshold  voltage  or  about  16  to  18 
volts.  Typical  5%  duty  peak  power  was  around  1  watt  before  the  samples 
expired.  Figure  1  shows  device  No.  6  peak  power  output  as  a  function  of 
voltage.  The  output  frequency  was  varied  from  5.  3  to  5.  7  GHz  with  much 
less  than  0.  5  db  variation  in  power.  The  average  efficiency  was  only  2.  5%, 
which  again  points  out  the  inherent  inadequacy  of  this  run  of  samples. 
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Figure  1.  Peak  Power  v»  Hies 
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VIVOlTS) 


field  resistances  of  I  0  or  less.  it  become*  increasingly  difficult  to  sup¬ 
press  bus  circuit  oscillations  and  to  match  or  laid  the  device  properly 
Also  for  the  sub -Gunn  frequency  mode  of  ape  ration,  as  presently  be  ,ig 
used,  espreted  efficiencies  are  around  5  to  8%.  This  range  of  efficiency 
reflects  back  to  expected  peak  power  outputs  of  5  watts  or  less  when  devices 
are  designed  as  outlined  in  the  last  quarterly  report.  To  obtain  a  desired 
output  of  10  watts  or  more,  we  would  have  to  parallel  at  least  2  or  perhaps 
as  many  as  5  chips  and  accept  Urn  resultant  low  field  resistanee  of  1/2  ohm 
or  lets.  Although  these  drawbacks  are  significant,  they  are  not  so  serious 
as  to  preclude  investigation  of  the  devices  proposed 

There  are  other  possibilities  for  using  several  scaled-up  C\V 
chips  without  suffering  some  of  the  above  consequences  Tor  example,  it 
is  perhaps  possible  to  connect  a  few  chips  in  parallel  for  D.C.  operation, 
but  have  them  connected  tn  series  KF-wisc.  This  would  improve  the  im¬ 
pedance  problem  significantly,  but  would  certainly  complicate  thv  micro- 
wave  circuitry,  a  push-push  or  properly  phased  push-pull  operation  would 
be  mandatory. 

The  best  solution  would  be.  of  course,  to  run  device,  m  mode, 
of  operation  where  from  IS  to  30$  efficiency  could  be  obtained  The  result¬ 
ing  lower  input  power  to  achieve  the  derived  output  level  would  allow  higher 
device  impedances  and  would  reduce  the  severity  of  the  paralleling  prob¬ 
lems.  Some  of  the  possibilities  will  Ur  discussed  in  a  laler  srcitm> 


II. 


MICROWAVE  CIRCUITRY 


The  requirement  of  a  fixed  frequency  of  5.G75  GHz  (i  10%  tunlnfi 
bandwidth)  make*  the  lank  of  deMifpiing  microwave  cnviticH  aomewhnt 
simpler  than  for  wideband  operation.  Care  muat  mill  be  taken,  however, 
•ince  any  higher  order  reaonancea  might  provide  a  better  operating  point 
for  a  itamplc  at  aome  particular  biaa  voltage*  For  example,  a  coaxial 
reaonator  with  a  quarter  wave  rrxenaner  around  l  GHr  will  have  3/4 
*>H  7/4  t,  .  .  .  rrannance*  *hkli  are  Mill  within  the  operating  range 

of  a  device  that  will  perform  wrll  at  S  in  6  Gltr  There  are  alao  poaaible 
ambiguities  with  waveguide  cav'tie*  having  the  device  mounted  *•  pan  of  a 
pt»*t  in  the  guide  Here  the  ba«ic  fr#t*vwr  might  he  that  of  the  poM  and 
device  between  the  top  and  bottom  wall  abort*  and  conceivably  might  be 
below  cut-off  for  the  guide  uaed  The  detected  radiation  in  tht*  caae  would 
then  only  he  lower  power  harmonic*  at  the  cut-off  fundamental  In  thoa* 
waveguide  <a««*  where  the  detected  radiation  t*  indeed  the  fundamental  and 
the  cavity  i*  b*rme d  between  a  *li d*rg  *bort  and  load,  we  find  a  Mgnlficanl 
*mmmi  of  frequency  pulling  when  the  load  i*  ad/weled  for  maximum  power 
output  It  wearld  be  desirable  then  to  build  a  cavity  itrwturc  without  high  Q, 
higher  reeenance  behavior,  with  «vn|y  the  deeired  output  frequency,  and  with 
negligible  frequency  pulling  wp«n  feeding 

We  have  had  g"w»d  *uv«««e  w»th  a  rather  wr>|  -avily  Mrvciur* 
that  involve*  renting  y»e  d«w,(*  i«  contact  with  a  narrow  gap.  capacitive 
me  at  the  opening  of  a  length  of  J  -bard  (WH «  I37J  guide  An  X-band  eliding 


short  is  placed  on  the  other  side  of  the  iris.  Figure  3  shows  a  schematic 
of  the  total  circuit  used,  and  Figure  4  shows  a  photo  of  the  iris  flange 
itself.  The  sample  is  mounted  on  a  stud  as  described  in  the  previous 
section  and  the  stud  inserted  in  an  anodized  aluminum  cylinder  (also  shown 
in  Figure  4)  which  serves  as  the  RF  bypass  capacitor.  Figure  5  shows  a 
photo  of  the  iris  flange  and  the  J-band  adapting  flange  mounted  to  an  X-band 
sliding  short.  Note  that  the  stud  end  and  device  are  circled  and  that  the 
particular  iris  shown  has  J-band  height  instead  of  X-band  height  as  shown 
in  Figure  4.  The  bias  pulse  is  introduced  through  the  top  opening  of  the 
iris  flange. 

Looking  across  the  guide,  we  see  that  the  top  of  the  iris  and  the 

top  wall  of  the  flange  define  a  microstrip-like  transmission  line  with  some 

characteristic  impedance  Zq  terminated  with  shorts  at  either  end.  Figure  6 

shows  a  sketch  of  the  line  defined  and  the  placement  of  the  sample.  If  the 

sample  impedance  is  Z^,  =  and  Z^  is  the  net  reflected  impedance  at  C, 

the  resonance  condition  is  met  when  IZj  =  /Z Q/.  The  impedance  Z  is 

Just  the  paralleled  impedance  Z  given  by 

L1 


=  jZ  tan 
o 


2n  l 
\  2 


and  thus 


/7  /  .  _o  2 tt  l 

v  -  ~  tan  T  2 
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Figure  4.  Iris  Flange  and  Device  Holder. 


9 


IP 


At  resonance 


i  z 

1  -  0  * 

C2nf  "  T"lanT 


or  finally. 


where  v  is  the  wave  velocity. 

The  above  equation  defines  the  cavity  frequency  when  C  and  Z 

o 

are  known.  Even  without  values  for  C  and  Zq,  we  sec  that  the  unloaded 
resonance  which  supports  a  half  wavelength  equal  to  l  is  given  by  f  • 

For  our  case,  X-band  width  is  used  which  is  cut  off  at  6.  56  GHz 
U  -  0.  900  in).  When  loaded  by  the  device  impedance,  the  resonant  fre¬ 
quency  is  accordingly  lowered  into  the  range  desired.  Final  frequency 
trimming  is  accomplished  by  the  X-band  sliding  short.  Since  the  desired 
5.675  GHz  wave  is  very  heavily  attenuated,  the  short  position  affects  the 
frequency  only  by  very  small  amounts,  which  is  all  that  is  required  The 
device  radiation  is  coupled  out  quite  easily  by  the  larger  size  guide  on  the 
other  side  of  the  iris  and  loading  adjustment  is  provided  by  a  slide  screw 
tuner.  Thus  by  adjusting  the  width  <.  of  the  Iris  and  the  X-band  ,hon 
position,  the  desired  5.675  GHz  resonance  can  be  obtained  for  a  fair  range 
of  sample  capacitance.  A  further  adjustment  can  be  made  by  using  ins 

flanges  with  different  w/h  ratios.  This  changes  the  effective  7,  of  the 

o 
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crosa  guide  line  and  hence  the  resonant  frequency.  At  present  we  are  using 
u  w  h  ratio  of  3.  2  <h  =  10  mils),  which  for  sample  capacitances  of  about 
0.  5  pf  gives  a  resonance  around  5.  5  GHz  and  a  Zq  of  20  0.  By  changing 
tin-  short  position,  tuning  from  5  to  6  GHz  can  be  achieved.  In  operation 
we  have  ha  i  no  problem  in  setting  the  frequency  where  desired  in  the 

5  IO  6  G,,z  ranKC*  ,oadin«  has  been  quite  effective  even  for  low  resistance 
samples  and  frequency  pulling  at  full  load  has  not  been  a  problem.  With 
regard  to  higher  order  resonances,  we  see  that  the  next  frequency  up  would 
be  a  full  wavelength  over  the  length  /.  or  about  13.  3  GHz  unloaded  This 
mode  is  not  possible,  however,  since  it  requires  a  nodal  point  at  1/2  where 
the  device  sits  Thus,  the  next  resonance  would  be  a  3/4  l  mode  or  about 
30  Gift  unloaded,  *hlch  for  the  samples  to  be  considered  is  quite  probably 
much  above  their  operating  range 


HI.  MODES  OF  OPERATION 

In  section  I  we  concluded  with  a  rather  obvious  statement  con¬ 
cerning  the  advantage  of  using  high  efficiency  modes  of  operation.  When 
one  considers  the  prospect  of  obtaining  high  efficiency  behavior  from  Gunn 
effect  devices,  very  few  real  approaches  come  to  mind.  There  have  been 
many  encouraging  paper  studies  made  of  cavity  controlled  operation  with 
results  yielding  "LSA,  "  "quenched  domain,  "  "inhibited  domain,  "  "delayed 
domain,  '  and,  lately,  "hybrid"  mode  categories,  all  with  their  respective 

recipes  for  the  required  parameter  values  for  n  ,  L,  f,  and  V  .  .  In  the 

o  Bias* 

world  of  numbers,  one  finds,  however,  that  device  performance  most  often 
has  fallen  quite  short  of  expectations  with  efficiencies  lovering  around  the 
2  to  9%  level  as  opposed  to  the  hoped  for  10  to  20%  range.  In  those  excep¬ 
tional  cases  where  efficiency  has  been  quite  high,  the  device  physics  has 
not  really  been  understood  or  the  operation  has  been  at  frequencies  much 
lower  than  the  5  to  6  GHz  range  considered  here. 

There  are  many  reasons  why  device  performance  is  not  as 
expected  theoretically,  but  the  basic  point  to  be  made  is  that  there  is  not 
yet  a  clearcut  practical  approach  to  truly  efficient  device  operation.  Con¬ 
sidering  the  case  at  hand,  we  can  quite  probably  rule  out  trying  the  tSA 
mode  of  operation.  Aside  from  what  has  been  achieved  experimentally  by 
other  workers  (which  is  not  very  encouraging  for  efficient  5  to  6  GHz 
operation  at  high  duty  factors),  we  see  that  the  LSA  approach  should  be 
used  in  an  inherently  higher  frequency  range  of  operation  where  transit 


14 


Umr  frequencies  are  much  lower  than  operating  frequcm  »**,  and  tetu * 
samples  arc  much  longer  than  v^^/f  Ikrth  r*j»f m  ttiullj  *mj  |jk*«w«ij. 
cally  we  fmd  a  prohibitively  narrow  range  of  parameter*  r*ss»r*  I  t  uMm 
1J>A  operation.  The  n^/ f  and  \  ^  range  t*  indeed  quit*  narrow  j»rww<4 
peak  efficiency  point*,  power  output  is  a  %ery  »rn*itic*  function  at  leading 
and  KF  field  build-up  ume  t*  quite  critical  tn  order  to  prevent  domain 
formation  and  consequent  field  ionization  destruction  at  cample* 

The  various  other  mode*  of  operation  can  he  classified  a«  modi- 
fied  Gunn  mode*  where  cavity  voltage  i*  used  to  inhibit,  quench,  delay  of 
initiate  domain*  or  partial  domain*  and  consequently  deliver  power  to  a 
load  at  the  cavity  frequency.  The  object  for  efficient  operation  l*  to  haw  a 
load  voltage  waveform  with  a  minimum  of  harmonic  content  and  to  ac««*n- 
plish  a  proper  synchronization  of  cavity  frequency  with  transit  time  (r<«tvev  y 
In  a  recent  paper  by  Carroll  and  Glibtn  ,  most  of  the  more  important 
aspects  of  the  possible  modified  domain  modes  are  discussed  ami  *  fo*»4 
discussion  given  on  the  importance  of  proper  synchronisation  of  canty 
voltage  period  with  transit  lime 

In  general,  it  appears  that  operation  is  i»c*t  when  output  (request** 
is  lower  thpn  the  Gunn  frequency  although  there  i«  a  resonant  mod®  «fc*r* 
operating  fn  ucncy  is  twice  the  Gunn  frequency,  which  allow*  l«*d 
voltage  form  and  good  efficiency  but  only  under  very  specific  operating 
conditions.  There  arc  other  resonant  transit  Ume  mode*  at  one  r*if  *#*§ 
directly  at  the  Gunn  frequency  which  show  very  high  efficiency  hut  *****  *r« 
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« 


dim  cull  lo  recall  (e  tvui|r*||)  beCau#®  i.{  fhe  required  pfecttilW  Cl(  tmhfD  ' 
ntcation  ard  operating  caeditian# 

Mecendf.  *  wt»ll*4  ^lyhrid'  mod®  ha#  been  r*m|eij^'  *  thich 

u  quite  reasonably  *  mod®  a f  operation  which  r over#  th®  transition  r*§*tm 

A  Irt»c  Umile)  spar®  charge  condition  |o  A  SpAC®  ihAfgc  condition 

where  w  can  m  longer  spew*  of  full*  lom*  J  transiting  doma in*  because 

of  build  up  iim*»  being  on  the  order  of  an  Hf*  voltage  period  lUsically, 

***  »  dlM*5  to  form  for  a  Urge  portion  of  ihe  Hr  period  And  then 

annihilate#  (he  r  suiting  space  rh*rf«  distribution  before  i<  van#  at  th® 

•rode.  The  voltage  swing  must  accordingly  g*  he  lew  sustaining  level  and 

remain  In  Ihe  positive  ft.LUfKr  region  long  etWJUgfl  lO  derAy  All  SpA**® 

ch*rc®,  Urn#  insuring  periodicity  over  one  foil  UK  value®  nrumMi.  This 

mode  of  operation  has  been  owed  with  fairly  food  eiperimental  success  re- 
3 

cerrtly  with  1$^*  efficiency  bavin*  been  realised  ai  about  9  Clfe.  There 
eewm#  to  be  tome  discrepancy  a* Ain  between  theoretical  and  caperimenial 
behavior  with  respect  to  the  refton  of  blat  voltage  and  nl  product  allowed. 
However,  in  feneral  the  parameter  value  rAnfet  teem  to  be  rather  broAd 
an  efficiencies  thould  approach  20 %  in  practice. 

Considering  the  above  discussion,  it  would  teem  that  effort  to 
Achieve  belter  efficiency  from  Gunn  effect  device#,  a#  related  to  our  prob¬ 
lem,  would  feeti  be  placed  on  resonant  trantit  time  and  hybrid  type  modes 
of  epe ration.  W®  will  then  consider  the  detlfn,  fabrication  and  teslinf  of 
such  device#  during  the  following  quarters  along  with  a  continuing  efforl  on 
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Ihc  JcUrmihiliUh  Ihr  or  «*M  «},,  t%  crr^clcn!  IrrUc*  *c 

Jr  sc  r»l«  J  f  »»|»cf 
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IV. 


tmacMAI  AM)  UH>MKTUICA1.  CONSltlKHATinvs 


CufMitUmitan  muM  Ur  givm  »o  thermal  rflrcU  in  (Inn  work 
Ur**u,p  at  (hr  rrUuvrly  high  duly  Ucior#  and  required  output  power  m- 
%°,%‘c4  *"r  *r**«*J»K  *  10*!!.  efficient  device  putting  out  10  w  peak  power 

»•  V"  July  cycle  .ill  S  watt#  average  power  Depending  on  the 

thermal  rmtUrnr  of  the  •ample  and  mount,  a  significant  temperature 
r»ae  can  occur  which  may  appreciably  alter  the  peak  to  valley  ratio  and 
mobility  of  the  C&A#  material  being  u* cd 

For  a  sandwich- type  device,  one  can  Improve  the  thermal  con¬ 
dition  by  ‘'breaking  a  large  device  into  aeveral  smaller  device*  of  equiva¬ 
lent  total  area.  That  i#,  on  the  assumption  of  an  essentially  constant  power 
per  unit  area  for  a  given  mode  of  operation,  we  can  deliver  the  same  output 
power  as  from  a  Urge  chip  with  several  smaller  chips  and  have  the  smaller 
chip#  running  appreciably  cooler  than  the  single  large  chip.  It  has  been 
shown  in  an  earlier  report4  that  the  maximum  steady  state  temperature 

rise  in  a  sample  of  dot  radius  r.  length  t  and  die  attach  layer  thickness  d 
(sec  Figure  7  )  is  given  by 


AT 


ri 


where  the  thermal  conductivities  are  assumed  temperature  independent  and 
heat  sinking  is  on  the  die  attach  side  only.  From  the  above  equation,  we 
see  that  for  a  given  power  input  per  unit  volume,  the  temperature  rise  is 
decreased  as  the  dot  radius  and  length  are  decreased.  Consequently,  by 
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Figure  7.  Geometrical  Model  for  Thermal  Calculation 
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9 


dividing  the  5  uatls  dissipated  by  the  above  etamplc  device  if.«o  |  •  a|i 
amount*  of  dissipation  from  five  smaller  sample*  at  total  equivalent  volume 
(or  area  Miner  the  length  a*  uld  be  *«pt  ae  aould  c,p*cl  an  aH,fr. 

Ciablr  decrease  in  individual  sample  temperature  rise 

Kor  coftfrrlrflr*),  let  I  He  Ufg<r  single  chip  be  |t  *m  I  «ng  and 
have  a  20S  *m  do!  diameter  tla  ie*  field  re«i«iance  a  *4  Id  be  o  6  for 
0.5  Ocm  material,  and  i!  *ould  deliver  10  a  paw*  p  „rf  *,  %%,  cycle 
for  lO^  efficiency  The  calculated  thermal  resistance  for  uats  .ample 
*mild  be  ~  6’C/aatt  and  for  the  5  aatt#  at  db  *ipati<*>  «t  aould  have 
approximately  J0*C  temperature  rise  for  five  chip,  running  in 

parallel  and  each  having  one -fifth  the  area.  «  find  the  dot  diameter  to  be 
**  I  >*r  aatt  However,  for  the  I  aatt  dissipated  by  each  Chip  ae  aould  have 
a  temperature  rise  of  only  l»*C  Thus,  a  coHer  running  multiple-unit, 
equivalent  to  the  single  chip  unit  in  resistance  and  output  pouer  aould 
result 

Of  court*.  #*-♦«  simple  evamplr  assumes  no  disadvantage  of 
running  a  multiple  chip  unit  ahich.  in  practice,  may  m  be  true  Problems 
of  mounting,  contacting,  operating  coherently,  and  so  forth  might  «ut«rigb 

the  advantages  llcaaver.  the  idea  ail)  be  aept  m  mind  for  possible  future 
use. 
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During  the  last  quarterly  |arkd.  time  **a»  t«ft  e.ner.f  na  organirteg 
material  requirements  and  setting  up  mtcrP*»«  ami  p«|**  bias  circuitry  along 
with  producing  initial  run*  of  1  scaled-up*  C*  unite  for  ae  pule*  dev*  «a 
Initial  testing  has  shoun  efficiencies  ae  high  ae  M  but  more  m»tma lly  trowa* 

5  to  8  1 12*,.  Power  levels  were  below  114  watte  dare  to  improper  device 
fabrication  but  are  expected  to  improve  appreciably  in  future  rune. 

Thermal  and  geometrical  one  fade  rat  fern*  Nave  been  given  to  *mgi* 
and  multiple  unll  sandwich  type  device*  Multiple  chip  unit  problem*  eer* 
considered  and  various  mode*  of  opera  lion  haw  b..a  rtudied  i«t  more  *tU* 
operation.  I.SA  operating  range  has  been  considered  to  be  tow  con* fared  for 
low  frequency  operation  in  general  Hybrid  m**d*  and  re**nant  transit  iim. 
modes  seem  to  hold  more  promise  for  achieving  retired  rule*  performance. 
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